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ABSTRACT 


^The  advantages  of  the  hydride  growth  technique  are  that  the  control 
is  good  because  the  anion  and  cation  concentrations  are  separately 
controlled,  and  it  can  be  easily  scaled  up.  The  disadvantages  are  that 
the  films  tend  to  have  a  higher  background  carrier  concentration  and  a 
more  rough  morphology.  The  focus  of  this  research  was  to  find  ways  to 
itlgate  or  possibly  eliminate  these  disadvantages. 

An  in-depth  theoretical  comparison  between  the  chloride  and  hydride 
growth  techniques  showed  that  hydride  growth  is  thermodynamically  similar 
to  steady  state  chloride  growth  when  the  HC1:PH^  ratio  is  3:1.  If  chloride 
systems  are  Inherently  cleaner  than  hydride  systems  it  is  possibly  due  to 
the  cleansing  reaction  of  the  phosphorus  with  the  liquid  indium  to  form 
InP  with  a  subsequent  attack  of  the  InP  by  HCl. 

However,  it  seems  more  likely  that  the  source  of  the  higher  carrier 
concentration  is  due  to  the  less  ipure  HCl  used.  We  showed  this  by 
growing  lower  carrier  concentration  InP  films  when  we  used  HCl  generated 
from  ultrapure  PCl'^.  - 

Another  possible  impurity  source  is  silicon  from  the  silica  reactor. 

It  has  been  suggested  that  this  contamination  source  can  be  reduced  by 
increasing  the  deposition  zone  HCl  concentration.  We  attempted  to  do  this 
by  introducing  HCl  downstream.  However,  we  found  that  the  HCl  concentra¬ 
tion  is  not  Increased  much  by  doing  this  because  it  retards  the  deposition 
reaction. 

A  more  important  effect  of  using  downstream  HCl  is  that  it  greatly 
improves  the  morphology  when  it  is  used  during  the  preheat  treatment.  This 
procedure  also  reduces  the  carrier  concentration.  It  is  clear  that  the 
substrate  surface  preheat  treatment  strongly  affects  the  film  quality. 

We  will  focus  our  research  on  this  problem  during  the  next  year. 


GROOTH  OF  InP  AND  InCaAs  FILMS 
USING  THE  HYDRIDE  VPE  TECHNIQUE 

I.  Introduction 

When  compared  to  the  other  growth  methods,  the  hydride  VPE  method 
has  a  number  of  advantages  [1].  More  control  can  be  exercised  using  this 
method  than  with  the  chloride  VPE  method  in  that  indium  and  phosphorus 
concentrations  are  independently  controlled,  and  growth  of  the  quarternaries 
is  less  complex  in  that  two  source  zones  are  required  whereas  three  are 
required  for  the  chloride  system  [2].  Indium  containing  complexes  form 
under  normal  operating  conditions  in  a  metalorganic  VPE  system  [3],  and 
there  is  also  a  problem  with  carbon  contamination.  The  molecular  beam 
epitaxy  technique  [4]  is  not  a  viable  economic  alternative  for  a  number 
of  applications.  Liquid  phase  epitaxial  systems  cannot  be  as  completely 
controlled  in  that  it  is  difficult  to  grade  the  doping  composition,  and 
the  film  is  always  grown  in  a  cation  rich  environment.  Also,  the  morphology 
is  much  more  sensitive  to  the  lattice  mismatch  [5].  In  addition  to  the 
advantages  enumerated  above,  the  hydride  technique  can  easily  be  scaled 
up. 

The  primary  disadvantages  of  the  hydride  technique  are  that  the  control 
is  more  difficult  to  maintain,  the  background  carrier  concentration  is 
relatively  high,  and  it  is  more  difficult  to  grow  films  with  a  smooth  mor¬ 
phology.  Control  is  more  difficult  since,  even  for  the  binaries,  the 
degree  of  supersaturation  is  determined  by  the  constituent  partial  pres¬ 
sures  as  well  as  the  deposition  zone  temperature,  whereas  in  the  chloride 
system  it  is  controlled  only  by  the  temperature  difference  between  the 
source  and  deposition  zones.  The  lowest  background  carrier  concentration 
for  hydride  grown  InP  films  are  typically  10^^  cm  ^  and  the  77K  mobilities 


are  ''^50,000  cm"  V  s  [6],  whereas  tlie  corresponding  values  for  chloride 
grown  films  are  <10^^  cm  ^  [7,8]  and  ^•100,000  cnr  V  ^  s  ^  [7].  Similar 
differences  also  exist  for  GaAs  films  grown  by  the  two  techniques  [9,10], 

Because  the  background  carrier  concentration  is  not  usually  an 
important  parameter  for  light  emitting  and  detecting  devices,  they  have 
been  successfully  fabricated  from  hydride  grown  InGaAs  [11]  and  InGaAsP 
[12]  films.  However,  there  is  now  interest  in  growing  low  carrier  con¬ 
centration  InGaAs  films  for  high  speed  detectors  using  the  hydride 
technique  [11].  There  is  also  an  interest  in  growing  low  carrier  con¬ 
centration  InP  films  to  be  used  as  buffer  layers  for  InGaAs  FET's  [13]. 
Further,  low  carrier  concentration  InP  films  are  needed  for  high  speed 
low  noise  TED's  [14]. 

In  trying  to  find  the  source  of  the  background  carrier  concentration, 
we  first  made  certain  that  we  had  a  tight  system.  Then  we  analyzed  the 
chloride  and  hydride  systems  to  determine  how  they  differ,  and  to  try  to 
understand  iiow  these  differences  can  account  for  the  difference  in  the 
background  carrier  concentration.  The  analysis  included  computing  the 
equilibrium  partial  pressures  in  the  hydride  source  zone,  the  steady 
ct.ate  partial  pressures  in  the  chloride  source  zone,  the  equilibrium  partial 
pressures  in  the  deposition  zone  of  both  systems,  and  the  ideal  growth 
rate  of  both  systems.  Based  on  these  computations,  films  were  grown  in 
our  hydride  growth  system  under  conditions  which  best  matched  those  in 
the  chloride  system. 

One  prinuary  difference  between  the  chloride  and  the  hydride  growth 
systems  is  that  in  the  hydride  system  the  HCi  source  is  bottled  HCl  tliat 
flows  through  stainless  steel  tubing  to  the  source  zone,  whereas  HGl  is 
a  reaction  product  between  PCl^  and  H^  in  the  chloride  system.  It  is 
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possible  that  the  source  of  the  higher  background  carrier  concentration 
in  the  hydride  system  is  the  less  pure  }[Cl  from  the  gas  cylinder  which 
also  might  react  with  the  stainless  steel  tubing  on  the  way  to  the  source 
zone.  We  studied  this  possibility  by  generating  HCl  from  FCl^  and  using 
it  in  our  hydride  growth  system. 

Another  possible  source  of  impurities  is  silicon  contamination  from 
the  silica  reactor.  We  tried  to  suppress  this  reaction  by  introducing 
HCl  downstream,  but  we  had  to  be  careful  not  to  introduce  too  much  be¬ 
cause  it  would  change  the  deposition  reaction  to  one  of  etching. 

We  also  Introduced  HCl  do^^mstream  while  the  substrate  was  warming 
up.  Our  aim  was  to  etch  the  surface  as  rapidly  as  it  became  depleted 
in  phosphorus,  and  to  etch  it  slowly  so  that  the  surface  remained  smooth. 
Clearly,  this  is  a  necessary  condition  for  growing  smooth  films.  We 
also  experimented  with  bathing  the  substrate  in  PH^  or  AsH^  or  placing 
it  under  a  cover  piece  during  the  warm  up  to  try  to  improve  the  morphology. 
The  effects  of  varying  the  HC1:PH^  ratio  as  well  as  their  absolute 
pressures  were  studied  too. 

The  focus  of  our  future  research  will  be  on  the  interface  defects 
at  the  InP/inGaAs  interface.  This  will  include  growing  high  quality  InP 
buffer  layers  to  eliminate  the  substrate  effects,  providing  a  smooth  InP 
surface  for  the  deposition  of  Ir.GaAs,  and  lattice  matching  InGa/\s  to  TnP. 

We  considered  the  first  problem  when  we  studied  the  background  carrier 
concentration  and  the  second  problem  when  wc  considered  the  morphology. 

We  also  studied  how  the  composition  of  the  solid  is  related  to  the 
composition  of  the  vapor,  and  how  the  composition  of  the  solid,  as  well 
as  the  heat  treatment  prior  to  deposition,  affect  the  internal  stresses 


in  the  films. 
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We  were  successful  in  lowering  tlie  background  carrier  con(.:entration 
by  using  UCl  generated  from  PCl^.  and  therefore  believe  that  one  of  the 
sources  of  the  higher  background  carrier  concentration  is  the  less  pure 
HCl  from  the  gas  cylinder.  We  were  able  to  improve  the  morphology  by 
using  a  downstream  HCl  etch.  Using  the  downstream  HCl  etch  al  o  re  'vced 
tbie  strain  in  the  InCaAs  films  as  determined  by  the  x-ray  rocking  ves. 

II.  Growth  and  Characterization 

A.  Refinements  in  the  Growth  System 

The  magnetic  loader  was  built  and  installed.  A  cylindrical  magnetic 
core  is  attached  to  the  quartz  rod  holding  the  specimen  holder.  The 
specimen  can  now  be  inserted  from  the  forechamber  into  the  growth  zone 
by  moving  a  current  coil  externally  along  the  walls  of  the  pyrex  fore¬ 
chamber.  As  the  specimen  moves  forward,  it  is  guided  by  teflon  spacers. 

Gallium  and  indium  boats  were  made  with  covers.  The  upstream  end 
of  the  boat  contains  a  sleeve  into  which  a  quartz  HCl  tube  is  inserted, 
and  the  downstream  end  contains  a  small  opening  through  which  the  reactants 
escape.  This  should  insure  good  contact  between  HCl  and  tlie  liquid 
metals  thus  enhancing  the  probability  that  the  reaction  will  go  to 
completion.  The  H2  flow  mixed  in  with  the  HCl  gas  is  also  reduced  to 
increase  the  residency  time  of  the  HCl  over  the  liquid  metals.  To 
prevent  backstreaming  of  the  reactant  gas,  a  hydrogen  push  gas  inlet  was 
built  in  at  the  upstream  end  of  the  growth  vessel. 

B.  Growth  of  InP  Using  Cylinder  HCl 
1.  Experimental  Procedure 

Six  9’s  pure  indium  was  etched  in  a  45%  KOH  solution  for  about  30 
min.,  and  then  baked  in  prepurified  hydrogen  [15].  Tlie  furnace  controllers 
were  tlien  set  to  provide  a  flat  SOO^C  region  for  the  source  zone  and  a 


flat  650®C  region  lor  L'ue  ileposition  zone,  and  then  a  polished  and  cleaiunl 
(001;  send-insulating  iron  doped  substrate  was  pl  aced  in  Liie  fore i  ita:  ihe  r . 
The  chamber  was  pumped  down  and  backfilled  with  hvdroi.,en  several  time;;, 
and  then  the  gate  valve  was  opened  and  the  substrate  was  niagnetically 
inserted  into  the  predeposition  zone.  The  do.‘position  gases  were 
diverted  from  the  substrate  while  it  was  being  heated  up  in  a  phosphine 
stream,  and  then  the  substrate  was  moved  into  the  deposition  position. 

The  flow  rate  of  the  HCl  and  PH^  are  varied,  but  the  total  flow  rate 
was  fixed  at  .500  ccm.  A  film  was  grown  for  thirty  minutes,  the  substrate 
was  retracted  into  the  forechamber  closing  the  gate  valve  behind  it, 
and  the  deposition  gases  were  turned  off.  A  downstream  HCl  gas  flow 
was  turned  on  to  clean  out  the  growth  tube.  The  fort  ’.hamber  is  pumped 
down  and  back  filled  several  times,  and  then  the  film  is  removed. 

First,  the  morphology  is  examined  and  then  photograpiied  using  an 
optical  microscope.  Contacts  are  put  on  in  a  van  der  Pauw  geometry,  and 
the  room  temperature  and  liquid  nitrogen  carrier  concentrations  and 
mobilities  were  measured.  A  portion  of  the  substrate  was  cleaned  off, 
etched  in  on  AB  etch  for  5  min.  at  60°C,  [16]  and  then  the  film  thickness 
was  measured  using  the  optical  microscope.  The  remaining  substrate  was 
examined  and  photographed  in  a  SEM. 

Next,  optical  and  scanning  electron  micrographs  were  taken  of  the 
surfaces.  Both  the  gross  structure  and  details  of  the  fine  structure 
were  examined. 

2.  Results 

a.  Morphology 

The  effects  of  varying  the  input  H(U  concentration  are  illustrated 
in  the  optical  micrographs  in  figures  I  and  2.  The  Hf.l/PIi^  ratios  are 
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.25/1.5,  .5/1.5,  1.0/1. 5,  1.5/1. 5,  3. 0/1.5,  .ind  4. 0/1. 5  in  figures  la, 

lb,  Ic,  2a,  2b,  and  2c  respectively.  (To  obtain  tlie  partial  pressure 

-2 

of  each  species  multiply  by  10  atm.).  The  film  with  the  sruillest 
ratio  is  somewhat  rough  and  contains  star  like  cliaracters  with  a  pit 
in  the  center.  The  films  with  the  .5/1.5  and  1.0/1. 5  ratios  are,  for 
the  most  part,  smooth.  An  enlargement  (300x)  of  one  of  the  few  defects 
in  the  1.0/1. 5  film  is  displayed  in  figure  Id.  The  films  with  the  larger 
ratios  are  rough  as  they  contain  many  hillocks,  and  the  roughness  Increases 
with  the  ratio. 

The  fine  structure  of  some  of  these  morphological  defects  are  shown 
in  the  scanning  electron  micrographs  in  figure  3.  In  figure  3a  the 
center  of  the  needle  shaped  facets  in  figure  2a  are  square  spirals 
surrounding  a  defect  which  is  possibly  an  indium  droplet.  A  top  of  a 
pyramid  shown  in  figure  2c  is  magnified  in  figure  3b.  It  appears  as  if 
a  number  of  grains  have  grown  together  around  a  rectangu.1.ar  defect.  The 
white  spots  are  most  likely  contaminants  dropped  onto  the  film  while 
preparing  the  sample  for  the  SEM. 

The  effects  of  varying  the  PH^  pressure  are  illustrated  in  figure  Ic  and  4 
for  films  with  the  ratios  1.0/1. 5,  1. 0/2.0  and  .5/6.0.  The  1.0/1. 5  film 
is  smooth,  the  1. 0/2.0  film  contains  oval  morphological  defects,  and  the 
.5/6.0  film  lias  a  gross  arrowhead  structure. 

The  fine  structure  of  the  oval  morphological  defect  in  figure  4b 
is  shown  in  the  scanning  electron  micrograph  in  figure  5.  There  it  is 
seen  that  these  defects  are  pits. 

The  effects  of  varying  both  the  HCl  and  Pll^  concentrations  while 
keeping  their  ratio  constant  is  Illustrated  in  figures  4a  and  6.  The  .25/. 50 
film  is  smooth,  the  .5/1.0  film  contains  bunched  pyramids,  and  the 
1. 0/2,0  film  has  oval  morphological  defects. 


JO 


V 


aphs  of  films  grown  with  III/V  ratios 
.5/1.0  (37. 5x). 
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The  fine  structure  of  the  oval  morphological  delects  was  previously 
illustrated  in  figure  5.  The  fine  structure  of  the  bunched  pyramids  is 
displayed  in  figure  7. 

Micrographs  of  films  deposited  at  600,  650,  and  700'^C  are  displayed 
in  figures  6a  and  8.  The  low  temperature  film  is  very  rough,  the  middle 
temperature  film  is  smooth  (fig.  6a),  and  the  high  temperature  film  is 
grainy.  The  fine  structure  of  the  high  temperature  film  is  shown  in  the 
scanning  electron  micrographs  in  figure  9. 

b.  Carrier  Concentration  and  Mobility 

The  room  temperature  and  liquid  nitrogen  carrier  concentrations  and 
mobilities  are  listed  in  table  1  along  with  the  average  growth  rate. 

3.  Discussion 

a.  Morphology  and  Growth  Rate 

Smooth  films  can  be  grown  at  650**  when  the  III/V  ratio  is  .5-1. 0/1. 5. 
This  is  similar  to  the  results  obtained  by  Zinkiewicz  et  al  [6].  At  higher 
HCl  flow  rates  pyramids  appear  on  the  surface  and  at  higher  PH^  flow  rates 
pits  appear.  This  is  also  similar  to  the  results  of  Zinkiewiez  et  al,  [6] 
and  the  results  of  Enstrom  et  al  on  GaAs  [9]. 

For  the  chloride  process,  however,  smooth  films  can  be  grown  at 
PCl^  pressures  of  .02  atm.  [7,8,17-19].  The  equivalent  III/V  ratio  for  this 
pressure  is  6. 0/2.0.  One  can  speculate  that  the  HCl  pressures  must  be 
lower  in  the  hydride  system  because  in  this  system  the  HCl  more  effectively 
reacts  with  the  liquid  indium.  It  is  also  possible  that  the  higher  indium 
arrival  rate  due  to  the  larger  flow  rate  in  the  hydride  system  does  not 
allow  the  indium  sufficient  time  to  surface  diffuse  to  its  equilibrium 
position.  An  alternative,  but  less  likely  possibility,  is  that  the  InCl 
does  not  as  effectively  react  with  the  PH^.  There  is  more  PH^  present 
in  the  hydride  system  because  it  does  not  very  quickly  dissociate  [20,21]. 
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A  scanning  electron  micrograph  of  a  film  grown  with  a  III/V 
ratio  of  ,5/1.0. 
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TABLE  1 

The  room  temperature  and  liquid  nitrogen  carrier  concentrations  and  mobi¬ 
lities  and  the  growth  rate  of  some  InP  films. 


Sample  No.  HCL°/PH^  n(RT)  n(LN)  ll(RT)  y(LN)  Growth  Rate 

^  -3  -3  2  2 

Ratio  cm  cm  cm  /V.sec  cm  /V.sec  microns/min 


This  explanation  is  less  likely  beeause  it  is  i;.-;ierallv  tlio  i,t,lit  that 
reacts  more,  not  less,  e  f  feet  i  ve  Iv  wi  tli  (  nf  1  t  lian  does  P  ,  or  !’  [6-S, 17-19]. 

For  example,  PH  ^  and  InCl  conld  lon-.i  an  .uidnet ,  and  then  tin'  hydr  gen  an'' 
chlorine  atoms  could  bo  removed  !>>  a  simnle  elimination  reaction. 

As  one  would  e.xpect,  tiie  film  aiorphologv  changes  when  the  substrate 
tempo ratuare  changes  even  if  the  flow  conditions  remain  constant.  Also, 
th.e  III/V  ratio  for  smooth  films  is  different  when  the  III  and  V  pressures 
change . 

The  growth  rate  increases  svibstant ial ly  with  the  HCl  concentration 
and  only  gradually  with  tlie  PH^  concentration.  This  lias  been  observed 
by  Shaw  [22]  and  Enstrom  [9]  et  al  for  CaAs,  and  it  is  what  one  would  expect 
from  thermodynamics  [23].  This  is  due  to  the  fact  that  th.e  supersaturation 
changes  more,  rapidly  with  the  HCl  concentration  than  with  the  PH^  concen¬ 
tration. 

b.  Carrier  Concentration  and  Mobility 

Ev<^n  though  the  InP  films  were  only  grown  to  test  the  'upgraded' 
system,  and  there  was  no  attempt  to  optimize  the  film  properties,  the 
carrier  concentrations  were  much  Itigher  and  the  mobilities  were  much  lower 
than  they  were  in  our  earlier  tests.  Our  admittedly  ,spcc.uL:t:  i ve  explana¬ 
tion  is  that  in  'upgrading'  our  system  we  ir.r:reaseci  tiie  inCl  cuncen  t  rat  ion 
ton  much  'ly  increasing  the  contact  between  the  HCl  and  the  liquid  indium  liv 
using  a  covered  boat,  and  increasing  Llie  residency  Lime  of  t!ie  HCl  av<_>r 
the  indium  by  decreasing  the  flow  rate.  I'hi'j  explanation  is,  at  least, 
con.sistent  with  the  observation  tliat  Llie  carrier  concentration  increased 
with  the  HCl  concentration,  but  did  not  incrca.se  with  the  PH.^  concentra¬ 
tion. 

Other  possible  explanations  are  tha'  t'ue  furnace  n'ron  w.is  act  kept 


liot  between  ran.s ,  tbe  system  contains  substantial  leaks 


Mie  ga.;e'-  used 


NoL  keeping 


were  impure,  or  there  was  out  ciirfusion  t  rom  tlie  sulisirate. 

the  furnace  continuously  on  could  result  in  contamination  f ron:  material 

that  ha  I  deposited  on  the  side  walls  during  cool  down  aiter  the  ;  revious 

run.  Tills  is  not  a  likely  explanation  because  there  appears  to  be  no 

difference  between  tlie  films  that  were  grown  consecutively,  and  those 

that  were  run  between  cool  down  interruptions.  It  does  not  seem  likely 

there  were  any  substantial  leaks  because  the  system  was  periodically 

-9 

leak  checked  down  to  10  atm.  cc/miu.  The  gases  used  were  LED  purity 
gases  from  Matheson.  The  HCl  purity  could  have  decreased  with  time  as  it 
could  have  slowly  reacted  with  the  cylinder.  Although  a  little  iron  might 
out  diffuse  from  the  substrate,  it  does  not  seem  at  all  likely  th.\t  the 
concentraton  in  the  film  could  be  large  enough  to  account  for  the  ob¬ 
served  behavior. 

c,  Growtli  of  InP  Using  HCl  from  PCl^ 

Tiie  cracking  furnace  illustrated  in  figure  10  was  installed.  The 
highlights  are  that  HCl  can  be  generated  from  the  ultrapure  trichlorides, 
AsCi^  or  PCl^,  [24]  for  purposes  of  comparison  films  can  be  grown  directly 
u'iing  the  chloride  method,  and  the  system  is  an  all  quartz  system 
eliminating  any  possibility  that  the  HCl  will  react  with  stainless  steel. 

The  system  works  as  follows.  Hydrogen  Is  bubb^’cd  through  the 
tricl’lorlde  and  then  flows  tfirougli  the  cracking  furnace.  ff  the  single 
zone  furnace  is  turned  on  to  its  operating  temperature  of  900°C,  the 
trichloride  -  H2  Tuixture  decomposes  Into  HCl  and  primarily  into  the 
tetramer  and  lesser  amounts  of  the  dimer  and  the  trihydride  [23,23].  Tlie 
dimer  and  the  tetramer  precipitate  out  in  the  cold  trap  and  the  HCl  and 
a  small  amount  of  the  trliiydrlde  flow  to  an  inlet  that  leads  to  one  of 
the  cation  boats.  If  the  results  for  this  system  are  pri''mLsing,  the 
output  HCi  from  the  crackins;  system  will  he  d’ recti  d  to  tw'o  flow  lueters 


set  lip  in  parallel  so  tluit  tiie  HCl  flow  to  each  cation  boat  can  be 
separately  controlled. 

If  the  cracking  furnace  is  not  turned  on,  the  trichloride  will 
flow  directly  to  the  cation  boat.  In  this  way  a  binary  lilm  can  be  grown 
directly  using  the  chloride  method.  This  sliould  prove  to  bv  useful  in 
trying  to  understand  why  chloride  films  can  be  grown  with  a  smaller 
background  carrier  concentration  than  hvtlride  grown  films. 

Recently,  we  grew  InP  films  using  hCl  generated  by  decomposing  PCl^ 
in  hvdrogen  in  a  cracking  furnace  at  900°C.  We  report  here  our  initial 
findings  and  will  describe  our  re.sults  in  more  detail  in  the  next 
quarterly  report. 

The  InP  films  grown  using  this  HCl  was  much  better.  The  carrier 

concentrations  were  in  the  low  10^^  and  high  10^^  cm  tlie  room  tempera- 

2 

turc  mobilities  were  3000  cm  /V.sec  and  the  liquid  nitrogen  mobilities 
2 

vjere  20,000  cm  /V'sec.  We,  therefore,  conclude  that  our  poor  previous 
results  were  due  to  contaminated  HCl.  The  HCl  had  been  in  the  cylinder 
for  more  than  one  year  so  it  could  have  degraded  by  reacting  with  the 
cylinder.  This  conclusion  is  made  more  plausible  by  the  fact  that  the 
films  we  grew  when  the  bottled  HCl  was  fresh  were  better  films. 

These  recent  results  still  are  not  as  good  as  those  of  Zinkiewicz 
et  al  [6],  but  they  are  close.  We  are  optimistic  that  we  w’ill  soon  be 
I’e  to  match  them. 


C.  Crowtli  of  TnCaAs  Films 

The  InP  substrate  was  polished  and  cleaned  in  the  same  way  it  was  for 
the  growth  of  an  InP  film,  and  it  was  also  mounted  and  inserted  into  the 
preheat  zone  in  the  same  manner.  For  the  preheat  treatment  the  substrate 
was  bathed  in  either  .5%  PH^  or  ..S%  AsH^  in  purified  liydrogen  for  a  period 


of  five  minutes.  The  total  flow  rate  cf  Sno  .  iiu'l'ui.  j  ni  itCl  tlev  rate 


of  3  ccm  over  the  gallium,  an  HCJ  flow  rate-  oi  18-  %0  ecm  m.  r  the  ir.cliu'n, 
and  an  AsH^  flow  rate  of  12  ccm.  Thus,  tiu?  HC.l  ( In) /HTl  ratio  va.rred 

from  6:1  to  ]U:i  and  the  Ill/V  ratio  varied  fro;;,  1.73:1  tc;  2.7j;l.  ;1.l 
source  temi^erature  was  800°C,  the  deposition  te:r.perarure  was  7i)(''’(i,  and  the 
growth  time  was  70-80  minutes. 

The  films  were  quite  smooth.  A  representative  mrrpliolegv  is  illustrated 
In  figure  11.  .-Vs  can  be  seen  in  the  liigher  magni  i icati 0’.\  scaniiing  electron 
micrograph  (21'40x)  ,  the  morphological  defects  are  truncated  square  pyramids. 
The  base  of  the  pyramid  is  rectangular  instead  of  square  due  to  the  fact 
that  the  sides  of  pyramid  have  alternating  A  and  B  orientations. 

There  were  no  general  trends  in  the  morphologies  as  tlie  HCl(ln) /HCl  (Ga) 
and  the  III/V  ratios  were  varied.  However,  it  did  appear  that  the  film 
was  sii'.oothcr  when  the  substrate  was  preheated  in  AsH^  than  when  it  was 
prelteated  in  For  one  run,  the  substrate  was  also  etclied  with  .05xS 

downstream  HCl,  and  this  film  appeared  to  have  tlie  best  morphology,  ''e. 
will  investigate  tliis  further  during  the  next  quarter. 

Films  grown  on  substrates  bathed  in  AsH^  also  had  smaller  rocking 
curve  widths.  This  is  shown  in  the  (400)  rocking  curves  in  figure  12.  The 
curve  was  found  using  a  Lang  camera  with  a  fine  focus  tube  and  a  beam 
extender.  The  peak  width  at  half  maximum  for  the  PH^  preheated  sample 

was  1830  secs,  whereas  it  was  1225  secs,  for  the  AsH^  prehe.:ite.d  specimen. 

For  the  single  run  we  did  using  a  downstream  HCl  etch,  wc  found  that  the 

peak  width  was  even  smaller  -  700  secs.  We  plan  to  i  ices  t  i  g.ru^ 


the  effects  of  the  downstream  MCI  in  more  detail.  i'or  all  of  these  ‘  pt  ei- 
mens  the  lattice  mlsimitch  was  greater  than  1"< .  Thus  some  of  t  he  peak 
bre  idth  is  due  to  tiie  mismatch  str.iin.  Also,  eur  system  is  not  as  piecise 


as  a  double  crystal  measurement.  Tiie  peak  hre.idt.li  .u  t  r  i  iv.it  able  ta  the 

less  precise  measuring  device  can  be  deteirrared  Iro::  tde  'o.'king  curves 

for  the  InP  substrate  illustrated  in  figure  1 '.’b .  There  it  is  seen  that 

uhe  K  and  K  peak  breadths  are  270  see.  lliis  coiinariis  Lu  a  value 
a  ^ 

of  25  secs  for  a  double  crystal  system. 

From  the  rocking  curve  In  figure  12c  we  can  show  that  the  lattice 
mismatch  was  .5'..  for  the  In/Ca  ratio  of  7:1.  This  misniatcli  was  sub¬ 
stantially  smaller  than  it  was  for  the  oilier  films. 

Yamauchi  et  al  [26]  also  have  found  that  tlie  surface  preheat  treat¬ 
ment  has  a  pronounced  effect  on  the  rocking  curve  width.  They  found  that 
with  a  cover  piece  the  peak  width,  as  determined  with  a  double  crystal 
monochromator,  was  25"  for  lattice  matched  InOaAs  whereas  it  was  as  large 
as  500"  for  lattice  matched  InGaAs  when  no  cover  piec'  was  used.  At  the 
same  growth  temperature  and  HClCGa)  partial  pressure  Hyder  et  al  [27] 
obtained  lattice  matching  for  an  In/Ga  ratio  of  10.5  and  a  Ill/V  ratio 
of  3:1  whereas  Kanbe  et  al  [28]  obtained  lattice  nuatching  for  an  tn/Ga 
ratio  of  2.1:1  and  an  undetermined  Ill/V  ratio. 

The  room  temperature  mobilities  and  .v  irrier  concentrations  determined 
using  a  Hall  effect  device  are  shown  in  table  2.  Measurements  were  not 
made  at  liquid  nitrogen  temperatures  since  the  films  were  not  lattice 
matched . 

Our  mobilities,  while  encouraging,  are  not  as  high  a.s  those  achieved 
by  others  [28-33].  The  highest  reported  value  for  hydride  grown  films 
is  10,050  which  was  achieved  by  Kanbe  et  al.  [28].  We  believe  that  we 
will  be  able  to  improve  our  results  by  replacing  flow  meters  with  flow 
controllers  so  that  we  can  more  reproducibly  obtain  lattice  matching, 
venerating  HCl  by  cracking  AsCl-  which  should  be  more  pure  than  the  HC.I 
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ri'.t'  roor»  tompotMLiire  mobilitv  .iml  carrioT  .-onci'nlrat  an  and  prowtli  rate  for 
InCaAs  filriM  grown  under  a  variety  of  In/(bi  and  ITl/V  r  it  Los. 


Spociiaen _ In/Ca 


II  1/V 


cm" /V • sec 


n  ,-n 
d  a 


growth  rate 
.  /hr. 


82 

28.5 

3 

=  9.5:1 

28.5 

12 

=  2.3:1 

3464 

5.3 

X 

io'^' 

8.9 

83 

22.5 

3 

=  7.5:1 

22.5 

12 

=  1.9:1 

34  36 

6.2 

X 

lO^*’ 

11.2 

84 

II 

6:1 

18 

12 

1.5:1 

3415 

7.1 

X 

10^^ 

7.5 

85 

21 

3 

7:1 

11 

.-H|Cs| 

1.75:1 

4510 

4.1 

X 

10^^ 

13.1 

86 

25.5 

3 

=  8.5:1 

25.5 

12 

=  2.1:1 

3462 

5.3 

X 

10^^ 

7.9 

90 

II 

8:1 

24 

12 

2:1 

34  34 

5.7 

X 

10^" 

9.2 

obtained  from  a  gas  cylinder,  and  using  a  downstream  HCl  etch  to  improve 
tlie  quality  of  the  InGai\s/T.nP  interface. 

Hu;  background  carrier  concentrations  were  higlier  than  those  obtained 
by  others  [29-33].  Again,  we  are  confident  that  we  will  be  able  to  improve 
on  these  values  if  we  generate  HCl  from  ultrahigh  purity  AsCl^,  and  if  we 
use  a  downstream  HCl  etch  during  the  preheat  treatment. 

Our  growth  rates  are  about  half  those  observed  by  Ryder  et  al.  [27]. 
With  similar  partial  pressures  and  a  growth  temperature  of  688°C  they 
measured  a  growth  rate  of  21.6  a/hr.  Hov/ever,  their  flow  rates  were 
twice  as  large  as  ours  which  accounts  for  the  factor  of  two  in  the  mass 
transport  limited  regime. 

D.  Surface  Studies 

1.  experimental  Procedure 

For  the  surface  studies  tlie  substr.itos  ^^lere  handled  in  tlic  samt; 
manner.  lixcept  for  the  sample  which  was  covered  with  a  cover  piece  in 


the  MO-CVD  system,  the  otlier  sampifi 


ill^;L■^ted  inlii  t  lie  de|u)  ■.  i  t  Ldi! 


zone  where  they  were  unbathed  or  bathed  in  or  !i('!.  Difierent 

exposure  times  and  temperatures  were  used. 

After  the  sample  was  removed  from  the  fo  reithambe  r ,  it  was  placed  In 
a  desicator  with  P  ,0„  in  an  attempt  to  reduce  surface  contamination  from 
the  atmosphere.  Immediately  after  the  last  sample  was  prepared,  tiie 
samples  were  transported  to  the  PSCA  apparatus  and  loaded  into  the  system. 
The  sample  holder  is  a  stainless  rteel  jig  with  molydenum  masks.  The 
-ray  source  is  a  600  watt  aluminum  anode,  the  analyzer  is  a  double  pass 
cylindrical  mirror  analyzer,  and  the  sputtering  beam  etching  source  is 
an  argon  ion  source  with  a  broad  power  range. 

2.  Results 

Optical  micrographs  of  a  substrate  e.xposed  only  to  hydrogen  gas  at 
bSO^C  for  thirty  minutes,  and  a  substrate  partially  covered  by  a  tantalum 
foil  and  bathed  in  1.5%  PH^  are  shown  in  figure  13.  The  substrate  exposed 
only  t(  hydrogen  shows  the  characteristic,  rectangular  pits  created  by 
phosphorus  evaporation.  The  photograph  of  the  partially  covered  film 
indicates  tiiat  there  is  possibly  some  phospiiorus  deposited  on  the 
surface. 

The  fine  structure  of  the  rectangular  pits  is  shown  in  the  scanning 
electron  micrograph  in  figure  14.  There  it  is  seen  that  the  small  slits 
in  figure  13  are  also  rectangular  pits. 

I  The  qualitative  results  of  an  ESCA  examination  of  substrates  sub- 

i 

jected  to  different  heat  treatments  in  our  InGaAs  growth  vessel  are  listed 
in  table  3.  The  treatments  include  exposing  the  substrate  surface  at 
650°C  for  15  min.  to  only,  H.,  -  1.5%  PH.^,  H,,  -  1.5%  AsH^,  and  H,,  -  1.5." 


HCl  mixtures,  as  well  as  being  covered  by  a  ct)ver  piece. 


TABLI:  J, 


The  qualitative  residts  of  an  ESCA  analysis  of  the  surface  of  a  substrate 
subjected  to  different  environments  at  650“C  for  15  minutes. 


Heat  Treating 
Gas 


Observations 


i.  H. 


P  concentration  down  a  little 
Substantial  amount  of  As 
Substantial  amount  of  Ga 


2.  PH. 


P  concentration  unchanged 
A  small  amount  of  Ca 
No  As 


3.  AsH, 


P  concentration  down  a  little 
A  large  amount  of  As 
A  small  amount  of  Ga 
The  largest  oxygen  concentration 


4.  iir'l 


P  concentration  unchanged 
No  As 
No  Ga 


5.  Cover  Piece 


P  concent  rat  ii.ni  unc  hanged 
A  small  amount  of  An 
A  .small  amount  o*  G.i 


3.  Discussion 


The  surface  of  the  substrate  heated  in  otiIv  for  JO  min.  is  slmila 
to  the  surface  observed  by  Clawson  [34,35]  et  al.  wiien  it  was  subiectod 
to  a  similar  heat  treatment.  The  rectangular  shape  of  the  pits  is.  due  t  ) 
the  uneven  etch  rates  of  the  <111'-  A  and  B  facets.  Tlie  surface  e.vposed 
to  a  .01  atm.  flow  of  Ptl^  contains  small  surface  defect.s.  It  is  likely 
tiiit  this  i.s  ph'jsphorus  deposited  from  tiie  vapor  as  tlie  pressure  is  sub¬ 
stantially  above  the  phosphorus  pressure  in  equilihi’um  with  the  I nP  [35] 
The  smoothest  surface  is  the  surface  covered  by  a  cover  piece.  Apparentl 
the  phosphorus  pressure  under  the  cover  piece  is  large  enough  to  prevent 
appreciable  phosphorus  evaporation. 

Some  of  the  results  of  the  surface  analysis  are  wiiat  one  would 
expect.  The  phosphorus  concentration  is  reduced  in  fne  substrates  e>rpose 
to  and  the  .\sH^  mixture,  the  surface  exposed  to  the  AsH^  mixture 
contain.s  a  substantial  amount  of  arsenic,  gallium  and  arsenic  from  tlie 
growth  vessel  coi  .minate  the  substrate  surface,  and  there  was  no 
discernible  loss  of  phosphorus  from  the  sulistrate  exposed  to  the  PH^ 
mixture  or  Che  substrate  covered  by  the  cover  piece.  Some  result.^  that 
could  not  be  so  readily  predicted  are  tliat  the  HCl  surface  was  the 
cleanest  and  the  Asii^  surface  contained  the  most  oxygen.  we  were 
initi.ally  surprised  that  the  covered  substrate  contained  gallium  and 
arsenic,  but  we  later  realized  that  tiie  cavity  had  been  contaminated 
during  previous  growth  runs. 

4.  Effects  of  Downstream  lICl  Etch 
Recently,  we  determined  that  we  could  grow  smoother  films  if  we 
etched  the  substrate  with  a  dilute  (10  ^  atm.)  downstream  HCl  much  like 
Chnndhi  [36-37]  and  his  coworkers  iiave  done.  This  subject  v;fij  be  discu.ssL 


in  greater  detail  in  the  next  tjuarteii''  re-^ort.  Not  only  do  we  expect 
that  the  downstream,  etch  will  inpro/e  the  quality  of  InP  f  j  Ints ,  we  expect, 
it  to  also  improve  the  quality  the  TnhaA.s  films. 


III.  Theoretical  Studies 

.\.  Hydride  and  Chloride  Comparison 
1.  Physical  Analysis 

There  are  a  number  of  similarities  lietween  the  growth  of  lirP  film.-, 
using  the  hydride  [6 ]  and  chloride  [7-8,17'I9]  techniques.  In  both  instances 
indium  is  transported  by  the  monochloride;  phosphorus  is  present  as  P.,  and 
PH^;  the  growtli  rates  initially  increasi!  with  the  InCl  concentration; 
and  the  depositiott  reactions  are  identical.  Tlie  primary  differences 
are  that  the  reactions  in  the  source  zone  are  different;  the  cation  and 
anion  concentrations  are  separately  controlled  in  the  hydride  process; 
and  the  phosphorus  containing  compounds  are  Introduced  into  the  deposi¬ 
tion  zone  via  different  routes. 

Ln  the  hydride  process  the  only  significant  reaction  in  the  source 
zone  is  the  reaction  between  liquid  indium  and  HCl  leading  to  the  forma¬ 
tion  of  InCl.  ['here  are,  however,  a  number  of  simultaneous  reactions 
in  the  chloride  system.  First,  the  PCl^-H2  mixture  completely  decomposes 
to  HCl,  P^,  P^  and  PH,^.  The  phosphorus  containing  compounds  react 
with  the  liquid  indium  to  form  an  InP  film,  which  is  attacked  by  one 
third  of  the  HCl  -  the  other  two  thirds  attacks  the  indium.  .At  some 
time  a  steady  state  is  reached  when  the  rate  of  formation  of  the  Lnl’ 


film  is  the  same  as  the  rate  of  .att.ack  by  the  IICI  .  (It  Is  this  tran¬ 
sient  time  that  makes  it  difficult  to  grow  multilayered  structures  with 
abrupt  junctions  using  tiie  cliloride  proce.ss). 

Th  ■  phosphorus  in  the  hydride  technique  i ;;  introd.uci'd  by  injecting 


downstream,  wiv. 


tiie  chloride  .svstem  !’, 


P,,  .ind  1  II ,,  are 


PcM  ^-!I ,  decc)uq)osiLioii  products  or  react  iou  ;>  r.idiic  t  s  -f  t'j.  iiCl-LnP 
roviction.  The  P,,  P,,  and  I’H  introduced  into  t  iie  deposition  zone  are, 
tiierefore,  more  likely  to  be  In  thermodvnainlc  equrl  ibriu:".  in  the  chloride 
system.  This  is  particularly  true  for  Pii,^  because  it  deconposes  rather 
slowly  [20,21]. 

In  this  discussion  tiie  source  zone  equilibrium  vapor  la 'mposit ion  in  the 
hydride  system,  and  the  steady  state  vapor  composition  in  the  chloride 
system  are  computed  for  different  input  !ICl  or  PCl.^  compos '  tions .  The 
deposition  zone  equilibrium  vapor  compositions  are  also  calculated  for 
fferent  input  llCl  or  PCl^,  downstream  HCl  or  PCl^,  and  input  PH^ 
pressures.  Of  particular  interest  are  the  deposition  zone  HCl  partial 
pressure  since  it  is  thought  that  HCl  controls  the  degree  of  silicon 
contamination,  and  the  supersaturation  because  it  determines  the  ideal 
growth  rate.  The  computed  trends  of  the  HCl  pressure  are  compared  with 
the  trends  of  the  background  carrier  concentration,  and  the  computed 
trends  of  the  ideal  growth  rate  are  compared  witli  tlie  experimentally 
determined  growth  rates  to  see  if  they  can  be  explained  thermodynamically. 

In  the  computations  that  follow  it  will  he  assumed  tliat  the  tempera¬ 
tures  chosen  -  750°C  for  the  source  zone  and  ''•nO®  for  the  deposition  zone  - 
are  high  enough  and  the  gas  flow  rates  are  low  enough  for  growth  to  be 
in  the  thermodynamically  limited  mass  transport  regir.e .  Also,  in  the 
graphs  and  tables  the  PCi^  pressures  will  he  compared  witii  HCl/3 
pressures  since  upon  the  decomposition  of  PCI 2,  three  units  of  HCl  are 
formed.  Comparisons  will  be  made  for  'normal'  growth  conditions  for 
which  the  input  HCl  pressure  is  .03  atii..  and  the  input  PH.^  and  PCl^  pres¬ 
sures  are  .01  atm.,  and  for  prc'- ;..uret;  one  third  c\nd  three  i  i.r^s  these  values 


In  the  hydride  source  zone  HCl  reacts  with  liquid  indium  according 


to  the  equation, 


3HC1  +  3In(£)  3InCl  +1^2 


(la) 


This  assumes  that  InCl^  does  not  form;  there  is  theoretical  evidence  that 
this  is  the  case  [35]. 

There  are  a  series  of  simultaneous  source  reactions  in  the  chloride 
system.  Taken  separately  they  are:  the  thermal  decomposition  of  PCl^, 
the  HCl-liquid  indium  reaction,  the  reaction  of  the  phosphorus  con¬ 
taining  compounds  with  liquid  indium  to  form  InP,  and  the  HCl  attack  of 
InP,  (see  Fig.  15). 

The  PCl^  decomposition  reaction  is 


PCI3  +  I  (l+y)H2  ->  (1-y)  f  P2  +  (l-y)(^)P4  +  yPH3  +  3HC1 

(2) 

and  is  essentially  complete.  At  750°C  the  equilibrium  =  2.15  x 

10“^^,  Pp  =  2.34  X  10"^,  Pp  =  7.05  X  lO'^,  Pp^^  -  2.86  x  10~^,  and 
4  2  3 

^HCl  ~  atm.  when  .01  atm.  of  PCI3  is  mixed  with  one  atm.  of 

hydrogen  [23]. 

Because  the  HCl  can  attack  both  the  liquid  indiura  and  the  InP, 
equation  la  for  the  reaction  with  liquid  indium  must  be  modified  to 


(3-z)HCl  +  (3-z)In(£)  (3-z)InCl  +  (3-z)H2 


(lb) 


In  the  beginning  when  there  is  no  InP  to  attack,  z  =  0. 

For  illustrative  purposes  it  is  assumed  that  the  HCL  comes  into 
equilibrium  with  the  liquid  indium,  and  then  the  phosphorus  containing 


compounds  react  with  the  liquid  indium  according  to  the  equation 

In(il)  +  (1-y)  |P2+  (1-y)  +  yPH^  -  InP(s)  +  ^  yH^  (3) 


The  laP  is  then  attacked  by  the  IICI  according  to 


(1-x) 


zlnP(s)  +  zHCl->  2lnCl+ z(l-y)  ^  +  2(l-y)  +  zyPH^  + 


+  I  (l-3y)H2 


As  z  increases  from  zero  to  one,  tiie  net  rate  of  formation  of  InP 
decreases  to  zero.  This  can  be  seen  by  sunoning  eqs.  lb,  3  and  4  to  yield 
la.  Thus,  the  steady  state  source  chloride  process  is  identical  to  the 
equilibrium  source  hydride  process. 

The  deposition  reaction  for  both  techniques  is  the  same.  It  is  the 
reverse  of  reaction  4  for  z  =  1. 

2.  Mathematical  Analysis 

The  designation  of  the  input  and  output  constituent  pressures  are 
illustrated  schematically  in  Fig.  16.  Those  having  a  zero  superscript 
are  source  zone  input  partial  pressures,  those  having  a  one  superscript 
are  equilibrium  source  zone  output  pressures,  those  having  a  two  super¬ 
script  are  downstream  deposition  zone  input  pressures,  and  those  having 
no  superscript  are  equilibrium  deposition  zone  output  pressures. 

For  the  hydride  source  zone  the  chlorine  balance  is 


P  =  P  -  P 

InCl  HC1°  HCl 


From  the  fact  the  total  pressure  is  1  atm. 


P  =1-P  -P  =1-P 

2  InCl  HCl  HCl‘^ 


rce  (a)  and  depos 


■'.1 


Then,  P  ,  can  be  found  from  the  equation 
HCl 

n  C Q  n  \ 


>  p-^'  • 

InCl^  »2 


(P  -  P  )(1  -  P  )• 
HCl  HCl  HCl 


RTlnK^  =  -  AG^ 


AG^  can  be  found  using  the  data  tabulated  by  Shaw  f25J.  The  fraction  of 


HCl  consumed  by  reaction  1,  is 


The  phosphorus  and  phosphine  pressures  in  the  chloride  system 

before  any  InP  is  formed  or  after  the  steady  state  has  been  reached 

can  be  found  in  a  straightforward  manner.  First,  a  value  of  P  is 

4 

assumed,  and  then  it  is  used  to  compute  P  from 

2 


P  ^  =  P  ^ 
'’2  ^ 


/Kiq, 


where  is  the  equilibrium  constant  for  the  reaction 


P  —  P 
2  2  4 


P  is  determined  by  the  phosphorus  balance 

3 


^  1  =  P  o  -  2PpL  ^Pp 
PH3  PC1°  2  4 


The  sum  of  the  HCl  and  InCl  pressures  is  constant  so  that 


The  total  pressure  Is  1  atm.  so  that 


since  all  of  the  PCl^  decon5)oses . 


P,=l-P  -P  -P  1-3P 
hJ  P2  Pj  PH3  PCI3 


(13) 


The  guessed  value  of  P_  can  now  be  checked  by  computing  P_„  from 

P4  PH3 

the  PH^  dissociation  reaction. 


PH  ^  P  +  P .  +  I  H 

3  2  2  4  4  2  2 


(14) 


and  comparing  it  with  the  value  obtained  from  eq .  (11).  The  value  of 
is  found  from 


1 


X 


+  2P  -) 


(15) 


and  it  is  used  to  compute 


from 


,xV2„(l-x^)/4 


1.5 

P  T  /K 
P'"’ 


14 


(16) 


The  pressures  of  the  phosphorus  containing  molecules  are  at  a 

minimum  when  they  are  in  equilibrium  with  the  liquid  indium.  This  could 

occur  at  the  beginning  of  the  transient  when  the  InP  is  just  beginning 

to  form  and  most  of  the  HCl  has  been  removed  from  the  vapor  by  reaction 

with  the  liquid  indium.  Because  they  are  transient  pressures  they  are 

marked  with  an  asterisk  (*) .  Again  the  procedure  begins  by  assuming  a 

value  of  P  computing  P  .  using  eq.  (9),  and  determining  x  with 

^  ^2 

eq.  15.  Because  the  phosphorus  and  phosphine  pressures  are  so  low, 


Now,  P 


can  be  calculated  using  eq.  (16),  and  it  can  be  compared 


PH^ 

to  P  found  from 

ph‘ 


*  * 


*  * 


f  .  -  P  p(l-y)(l-K)/«  l/y 


(18) 


PH^  P2 


after  y  has  been  determined  from  the  equation 


y*  =  P  */(P  *  +  ^  +  (1-x*)  P  ^)  (19) 

PH,  PH„  P^  P, 

j  3  2  4 

The  fraction,  u,  of  the  phosphorus  consumed  by  the  formation  of  InP 
is 


u  =  (2P  *  +  4P  *  +  P  *)/P 

P2  P^  PH3  rci3 


(20) 


If  the  InP  film  completely  covered  the  liquid  indium  -  and  it  could 
only  if  more  than  two  thirds  of  the  HCl  remained  in  the  vapor  or  the 
film  was  partially  composed  of  10013  -  the  equilibrium  partial  pressures 
can  be  calculated  from  reaction  (4) .  These  partial  pressures  will  be 
designed  by  a  quotation  mark  (').  As  before,  a  value  for  P  ,  is 


assumed  and  P  ,  and  x' 


by 


are  calculated. 


P  ,  -  3PCI3  , 
P 

4 


is  given  approximately 


(21) 


and  P  ,  is  found  using  eq.  (16).  This  value  of  P  ,  is  then 

PH3  PH3 

compared  with  the  value  of  P  ,  computed  from  the  phosphorus  balance. 


after  P  ,  has  been  calculated  from 
HCl 


P  ,  =  3APC1°/(A+K,)  ,  (23) 

HCl 


where 


A 


p(l-y  )(l-x  )/A  y 

P4  ^’«3 


p.5(l-3y') 


(24) 


t 

and  y  has  been  found  using  eq.  (19).  The  fraction  of  the  phosphorus 
in  the  vapor  phase,  v,  then  is 


V  =  (2P  ,  +  4P  ,  +  P  ,)/P  .  (25) 

P  PH3  PC1° 


To  determine  the  equilibrium  partial  pressures  in  the  deposition 

zone  of  the  hydride  system,  a  value  of  P  is  assumed.  P  and  x 

4  2 

can  then  be  calculated  using  eqs.  (10)  and  (15),  From  a  chlorine  balance 
the  decrease  in  the  InCl  pressure  must  equal  the  increase  in  the  HCl 
pressure  so  that 


InCl 


=  P 


+  P 


+  P 


-  P 


InCl 


HCl 


Her 


HCl 


=  R  -  P 


HCl 


(26) 


The  phosphorus  balance  yields 


(P 


HCl 


(27) 


where  the  term  in  the  parentheses  is  the  amount  of  InP  deposited.  The 


hydrogen  pressure  is 


Noting  that  ~  S,  P„„  can  be  computed  using  eq.  (16).  From  the 

H2  PH3 

deposition  reaction 

^  ^  p  ,(p  p.5(l-3y)  (l-y)x/2  (l-6)(l-x)/4  y 

4r  InCl  P.  P,  PH. 

2  2  4  3 


‘■hCI  ■  8AK4,/(1+AK^,) 


The  substript  4r  is  used  to  designate  the  fact  that  the  deposition 

reaction  is  the  opposite  of  reaction  (4) .  computed 

using  eq.  (26)  and  P„  can  be  checked  with  eq.  (27). 

*  ”3 

For  the  chloride  process  3P  -  substituted  for  P  »  in 

PCI3  HCl"^ 

eqs.  (26-28)  since  downstream  PCI3  is  used  instead  of  HCI.  Also, 

P  must  be  substituted  for  P  _  in  the  phosphorus  balance  equation 

PCI3  PH 3 

eq.  (27),  and  in  eq.  (28). 


The  ideal  growth  rate,  r,  is 


p  1  _  Pi  I 

InCl  no.  of  InCl  atoms  crossing  unit  area  oer  unit  time 


P  ^  no.  of  In  atoms  per  unit  volume  in  InP 

InCl-^ 


Therefore, 


when  the  cross  sectional  area  of  tl>e  j^rowtii  tube  and  the  total  flow 
rate  are  held  constant. 

3.  Results 

a.  Source  Zone 

Tlie  fraction  of  the  phosphorus,  u,  lonsumed  by  its  reactie-n  with 

liquid  indium,  and  the  fraction  of  the  Ini’,  v,  consumed  bv  the  t'nree 

units  of  HCl  generated  from  one  unit  of  Ptll^,  are  plotted  as  a  function 

of  the  PCl^  partial  pressure  in  figure  17.  u  varies  considerably  as 

it  is  .19  when  P  =  .001  atm.  and  is  .99  when  P  =  .1  atm.  How- 
PC1°  PCI 3 

ever,  about  967,  of  the  HCl  react.s  with  the  Iiu-’  over  the  entire  range 

as  V  decreases  from  2.94  at  P  =  .001  to  2.86  at  P  =  .1  atm.  The 

PCI3  PC1° 

percent  of  the  HCl  consumed  by  its  reaction  with  liquid  indium  is  also 

almost  constant  as  w  varies  from  .988  when  P  =  .003  to  .990 

HC1° 

when  P  =  .3  atm.  The  variation  of  v  and  w  is  small  primarily  be- 
HC1° 

cause  the  number  of  moles  of  gas  present  during  the  reactions  remains 
essentially  constant. 

The  prediction  that  the  InP  crust  does  not  completely  cover  the 
liquid  indium  is  in  disagreement  with  observations  made  on  the  chloride 
growth  of  the  related  compound,  CaAs,  [38-39]  unle.ss  it  can  be  shown  that 
a  portion  of  the  crust  is  GaClj.  However,  this  analysis  can  explain  why 
the  crust  nucleates  at  the  downstream  end  of  tlie  boat,  [38]  there  is  an 
abrupt  change  in  the  carrier  concentration  in  InP  films  when  the  IKU  flow 
rate  is  changed  [3,18,19]  and  this  transient  behavior  h.is  a  longer  time  con¬ 
stant  when  a  larger  boat  is  used  1 8].  Nuclcation  occurs  at  the  upstream 
end  where  the  HCl  concentration  is  less  due  to  the  fact  that  much  of 


it  has  been  removed  by  reaction  witli  the  indium.  If  tlie  HCl  concentration 


48 

is  less,  the  newly  formed  InP  crust  will  be  attacked  at  a  slower  rate. 

The  abrupt  change  in  tlie  carrier  concentration  is  due  to  a  change  in 
the  steady  state  distribution  of  InP  crust  and  exposed  liquid  indium, 
and  the  transient  is  longer  when  a  larger  boa!  is  used  becau.se  it  takes 
a  longer  time  to  readi  the  new  steady  state  distribution 
b.  HCl  Concentration 

The  equilibrium  partial  pressures  in  the  deposition  zone  are  plotted 

as  a  function  of  HCl°/3,  PH^,  and  PCl°  respectively  in  figures  lai.b 

and  c.  In  figure  18a  the  HCl  pressure  increases  almost  linearly  from 

.319  X  10  ^  when  P  =  .003  to  12.3  x  10  ^  when  P  =  .3  atm. 

HC1°  HCl"' 

This  behavior  is  due  to  the  almost  constant  99%  conversion  efficiency 

of  the  HCl  in  the  source  zone.  The  small  negative  deviation  from 

linearity  is  due  to  the  consumption  of  phosphorus.  As  the  phosphorus 

is  used  up,  tlie  driving  force  for  deposition,  in  which  HCl  is  generated 

(eq.  4)^  is  reduced.  In  fact,  this  effect  dominates  at  the  highest  HCl° 

pressures  where  the  HCl  curve  becomes  more  sublinear. 

In  addition  to  the  decreasing  partial  pressures  of  the  phosphorus 

containing  compounds  in  figure  13a  there  is  an  almost  linear  increase 

in  the  InCl  concentration.  Again,  this  can  be  attributed  to  the  almost 

constant  HCl  conversion  efficiency  in  the  source  zone. 

That  increasing  the  deposition  of  InP  increases  tlie  HCl  concentration 

is  shown  more  vividly  in  figure  18b  where  the  constituent  partial  pressures 

are  plotted  as  a  function  of  the  input  PH  pressure.  P  „  is  held 

^  HCl 

-3  -3 

constant  at  .03  atm.,  yet  P„„,  increases  from  1.12  x  10  to  4.74  x  10 
atm.  as  the  driving  force  for  InP  deposition  increases  with  the  increase 
Ln  P  2  from  .001  to  .1  atm.  The  increased  deposition  is  also,  of  course 
reflected  in  a  slowly  decreasing  InCl  concentration  from  28.9  x  10~^  to 
25.3  X  10' 


atn. 


(.'learly,  ail  of  the  additi.oiiai  pliosphoruK  is  not  consumed  h;.  the 


■leposition  reaction  so  r.hat  the  partial  pressure;-:  or  and  PH  ^ 

increase  with  increasing  P  Tii  fact,  t!ie  amount  of  phosphorus 

in  the  vapor  increases  oubstimtially  because  the  larger  pho.iphurus 

pressures  do  not  increase  the  supersaturation  as  much  as  the  iarrer  HCl 

pressures  do.  This  is  why  reduced  as  much  by  raising 

P  9  as  P,  mu  reduced  by  r.iising  P 

?R“  ^^^2’  4’  3^  HC1° 

There  appears  to  be  no  thermodynamic  basis  for  InP  i^eing  p-type 
wiieri  the  V/III  ratio  exceeds  1/3  ( B]  .  Thus,  the  chloride  growth  oi  the 
p-type  films  by  injecting  PCl^  downstream  must  have  a  kinetic  basis. 

Tlie  effects  of  varying  the  PtM^  concon  tration  is  a  limited  combina¬ 
tion  of  t(ie  effects  of  separately  varying  the  ii(;l°  and  PH.^  pressures; 
the  limitation  is  due  to  the  V/IIL  ratio  being  fixed.  Tl.e  rate  of 
increase  of  the  HCl  pressure  -  tlic  HCl  pressure  at  PCl°  =  .001  atm. 
is  .175  X  10  atm.  and  i  ■,  37.2  x  10  ^  atm.  at  Pf'f^  -  •!  atii..  -  is 

larger  than  it  is  when  the  liCl°  pressure  is  varied  because  both  the 
increasing  InCl  and  increasing  pliosphorus  pressures  contribute  to 
increasing  the  LnP  deposition.  For  the  same  reason  the  indl  pressuri’s 

are  Less  Mian  tliey  are  wlien  llCl^^  is  varied,  and  the  P,, ,  P,  .md  Pit., 

2  a  3 

a 

pressures  arc  loss  tLian  wdien  Pff^  is  varied. 

The  theoretical  silicor  activities  con eapc'nding  to  liij  !'(jr,* 
pressures  of  2  x  10  ^  and  2  x  10  atm.  are  2  .x  10  ^  and  7  x  10 
I’hu;:  the  almost  two  ortlers  of  magnitude  change  in  tlie  background  carrier 
concentral ion  obiierved  by  clianging  tlie  rcl°  pressure  between  tfiese  tvo 
limits  (8, 17, IB]  can  he  explained  tlicrmodynami  o'ai  ly  .  Also,  the  lower  back¬ 
ground  carrier  concentrations  i  n  chloride  grow  i  f  i  1ms  17-8.17-1')]  could  have 


a  ■  rmodynamic  basis  since  typical  PCl,^  pressures  are  .01-. 02  atm.  , 


() 

whereas  typical  KCl  and  PH^  jjressures  arc  .'il  atm.  [hj.  Ihc  three  to  six 
fold  larger  llCl  pressure  in  the  chloride  s/stem  cannot,  however, 
completely  account  for  the  difference  in  tiie  background  carrier  con¬ 
centrations.  Therefore,  sucii  factors  as  tiic  purity  of  tiie  lICl  and  the 
slow  decomposition  of  the  Ptl^  [0,iOj  must  he  considered. 

Fairhurst  et  al^  have  attributed  the  slow  decomposition  of  PH^  to 
the  large  variation  in  the  background  carrier  concentration  when  films 
are  grown  under  similar  conditions.  The  tiie  r  no  dynamic  calculations 
show  that  only  4%  of  the  phosphorus  is  in  the  form  of  PH^  at  normal  opeia- 
ting  conditions,  and  it  has  not  been  shown  that  PH^  is  an  intermediate 

daring  the  formation  of  p  or  P,  from  L'le  deceeposition  of  PCI...  It, 

2  4  J 

therefore,  seems  more  likely  that  the  variation  in  the  background  carrier 

concentration  i.s  due  to  other  factors. 

It  would  appear  that  tiie  deposition  zone  iiCl  concentration  could 

IK'  greatly  increased  by  introducing  HIM  or  PCi^  downstream  from  the 

ludii.un  boat,  however,  intioduciug  HCl  l''v  itself  is  not  as  effective  as 

it  first  iriight  seem  because  it  reverses  tiie  deposition  reaction.  For 

every  llCl  molecule  introduced  there  is  a!nx:)st  ouc  less  'molecule'  of 

inP  deposited.  Tlius,  tiiore  Is  very  little  ciiango  in  the  deposition  zone 

Ih.i  concentrat  i  on,  and  '.iiis  is  d»;picLed  in  tl'nirc  1^  wlere  tin  H(  1  con- 

2 

ceiuration  is  plottcil  as  a  function  of  the  downstream  input  lICl  (HCl^) 
pressure  for  the  hydride  svstera  or  PCi^  (I’Cl""^)  pressure  fot  tiie  chloride 
system.  The  range  of  IICl  value.s  are  also  listed  in  talvle  4  for  three 
differcMit  values  of  HCl°/3,  PH^,  and  FCl!^. 

7  2 

The  range  is  determined  by  tlie  amount  of  lit.  1'  or  PCIT^  it  takes  to 
onipietely  reverse  tiie  deposition  reaction  -  that  is,  tiie  concentration 
abc)ve  whicli  etcliing  occurs.  At  Llie  lilgia'st  ;l(  1^,  and  PCl^  tiie 


range  is  smallest  for  Fll^^  .md  largest  for  PCl'^’  Cor  reasons  given  above. 
That  is,  i  il^  increases  the  supersaturation  the  least  so  it  can  be 
reduced  to  aero  with  less  HCl^,  and  I'Cl^’  increases  the  supersaturat ion 
the  most  since  both  the  InCl  and  phosphorus  pressures  arc  increased. 

At  normal  operating  conditions  -  H(;l°/3,  rH“  and  PCl^  =  .01  atm.  - 
the  HCl  concentration  is  increased  only  about  lO-'.  Tiiis  only  decreases 
the  theoretical  silicon  activity  by  about  tiie  same  amount  so  it  does 
not  appear  to  be  an  effective  way  to  reduce  the  background  carrier 
concentration.  Kennedy  et  al  [40]  did  attempt  to  redact;  the  carrier 
concentration  in  hydride  grown  OaAs  films  by  introducing  HCl  downstream, 
and  they  were  unsuccessful. 

c.  Growth  Rate 


A  normalised  growth  rate,  which  is  proportional  to  the  difference 

between  the  deposition  zone  input  and  output  InCl  pressures,  is  plotted 

in  figure  20  as  a  function  of  hCI‘^/3,  and  FCl”.  For  tlie  hydride 

.;ystem  it  is  seen  that  the  growth  rate  increase:-,  more  rapidly  with  1!C1° 

.  ,  2 

tnaa  witn  PH^.  This,  again,  can  be  attributed  to  tlie  greater  sensitivity 
3f  the  supersaturation  to  the  HCl°  pressure. 

Detailed  studies  of  the  effects  of  HCl  and  on  the  growth  rate 
o!  !;iP  have  not  been  made,  but  similar  studies  'nave  been  made  for  GaAs  [9,41] 

doth  hnstromet  al  [9]  and  Shaw  [41]  found  that  the  growth  rate  Initialiy 

o  2 

increases  rapidly  wi.rii  HCl  ,  and  it  increases  more  slowly  with  Asll^  as  one. 

loiild  predict  thermodynamically.  However,  the  growtl,  rate  reaches  a  peak 

and  then  decreases  as  HC1°  becomes  larger.  Shaw  [42,43]  attributes  this 

to  tlie  pol.'ioning  of  surface  sites  by  (.atli.  An  alternative  explanation 


is  that  once  the  .supersaturation  exceeds  a  certain  value,  CoiXs  nucleation 
occurs  on  the  side  walls.  The  measured  grcwtli  rate  on  tlie  substrate  then 
decreases  because  the  supersaturation  is  reduced  l.y  deposition  on  the  side  wall: 


HCL  /3 

.990  -  1.06 

2.76  -  3.1''. 

6.92  - 

3.97 

PH^ 

1.97  -  2.23 

II 

3.66  - 

4.14 

PCI3 

.756  -  .808 

2.77  -  3.20 

10.0  - 

12.3 

The  range  of  HCl  pressures  x  10  in  tiie  deposition  zone  generated 
by  introducing  HCl  or  downstream  at  concentrations  of  0  and  tin 

point  where  etching  begins  for  input  PIU  or  PC.]  ^  pressures  of 

.01/3,  .01,  and  .03  atnis. 


T;\BLE  5 


.01/3 

.01 

.03 

HCl”/ 3 

.093 

.092 

.091 

PH3 

.192 

tl 

.041 

PCl” 

.069 

.091 

.123 

The  HCl'/HCl”, 

HC1^/3/PH3  and 

PCI3/PCI3 

ratios  at 

concentration  wliere  etching  begins  for  injuit  !!Cl/3,  PH.^  cn  ptl 
pre.ssiire.s  of  .01/3,  ,01  and  .03  atr;.;. 


Zinkiewicz  et  al  [6]  have  observed  chat  cncrcaHiuj’,  die  11,,  flow  rate 

while  liolding  the  partial  pressures  of  PH“  and  Hc’l  constant  reduces 

the  growth  rate.  This  is,  of  course,  the  opposite  of  what  one  would 

predict  -  the  growth  rate  should  increase  linearly  with  the  flow  rate 

since  the  supersaturation  is  unchanged.  A  possible  explanation  is  that 

the  reaction  between  the  liquid  indium  and  the  HCl  is  incomplete  [A4J, 

and  the  larger  UCl  concentration  in  tb.e  dotiosition  zone  retards  the 

deposition  reaction.  The  same  autiiors  also  observed  that  increasing  the 

o  ’ 

li.,  1  Lovi  rati'  while  iceeping  the  HCl  ;nd  Pli^  flow  rates  constant  resulted 

in  an  increased  growth  rate.  On  the  basis  of  thermodynamics  one  would 

predict  that  the  growth  rate  should  be  reduced  since  the  supersaturation 

is  reduced.  Tlie  larger  growth  rate  has  been  attributed  to  the  slow 

decomposition  and  a  more  efficient  reaction  between  InCl  and  PH^ 

than  between  InCl  and  P,  or  P,,  (61. 

s  2 

Tf  thermodynamics  determined  the  growth  rate,  the  rate  should 

increase  the  most  rapidly  with  the  PCl^  pressure  because  the  super- 

aturation  increases  the  most  rapidly.  However,  Clarke  and  Taylor  found 

that  the  growth  rate  saturates  at  about  .2ii/min,  [19]  which  is  an  order  of 

magnitude  less  than  the  maximum  value  found  by  Zinkiewicz  et  al  [6]  using 

the  hydride  technique.  As  stated  above,  this  has  been  attributed  to  the 

larger  amount  of  undissociated  PH^  in  the  hydride  system. 

The  degree  to  which  the  downstream  HCl  or  PCl^  thermodynamically 

retards  the  deposition  process  is  illustrated  in  figure  21  where  the 

2  2 

normalized  growth  rate.s  are  plotted  as  a  function  of  HCl  /3  or  PCl^.  The 
HCl^/HCl*^  and  PCi^/PCl”  ratios  at  ti  le  point  when  etching  begins  for 
HCl°/3,  PH^  and  PCl^  =  .01, '3,  .01,  and  .03  atm.  are  listed  in  Table  4, 

Tlie  ratio  decreases  with  increasing  essentially  con.stant  for 

increasing  HCl°,  and  increases  with  increasing  PCl'i!. 


These  trends  can 


B.  ThertuoJyuamic  EEEects  of  Uslny,  an  liierl.  ('.as 

Hydrogen  is  an  excellent  carrier  gas  because  it  can  be  1  ighl\  purified 
at  a  relatively  low  cost  using  a  hydrogen  purifier.  I'  also  getters  o>nv'gen. 
ilecently,  some  people  have  suggesti  i  using  M,,  as  tlie  cartier  gas  because  it 
can  be  higlily  purified  by  first  liquff'ying  it  [19].  Or.e  .should  consider  the 
possibility  of  fornting  nitrides  if  lu-  chooses  tv)  us.'  but  he  shouKl  also 

consider  how  substituting  an  inert  gas  for  L'.ie  11.^  .iff.’ti  ;  the  the rniodyp ami  cs 
of  the  growth  process.  'I’he  latter  cons  idera  t  ion  is  the  'epic  of  tliis 
cotnnuni  cation . 

The  parameters  considered  in  tiii.s  i.r.per  are  the  thcrmodvnamie  g,rowth  rate, 
and  tiie  equilibrium  i’H^  and  HCi  concentrations  in  the  growth  zone.  Clearly, 
reducing  the  H..,  partial  pressure  will  reduce  the  Pli^  pressure.  Ihis  is 
important  since  it  has  been  suggested  tliat  the  growLli  rate  is  higlier  when 
note  PIl.^  is  present  due  to  tfie  fact  tliat  inCl  more  readily  reacts  with  PH^ 
th.an  with  P.,  or  [8],  (It  sliould  be  noted  that  PII^  decomposes  rather  slowly  [20,21] 

o  that  more  Pll^  is  present  in  the  growth  zone  than  is  computed  from  thermo- 
ilyuami c  data.  Thus,  the  calculations  that  follow  can  only  be  used  to  indicate 
the  trL'i'.ds).  iaiowing  the  HCI  concentrat  i  on  is  important  because  it  is  thought 
tluiL  incr.’.asing  the  HCl  concentration  reduces  the  activity  of  silicon  in 
the  quartz  reactor. 

Prom  tlie  deposition  reaction. 


inCl  +  (l-y)-|p^+  (1-y)  P,^  +  vPH.^  '  f'il’(s)  +  HCI  ,  (4) 

vine  can  see  tiiat  reducing  tlie  11..,  liressure  will  reduce  the  deposition  rate, 
and  this,  in  turn,  will  reduce  the  HCI  partial  pressure  siiii’e  '  t  is  formed 
during  the  deposition  re, action.  in  this  equation  x  is  tiie  ratio  of  tii.; 
amount  v)f  phospiiorus  in  the  P.^  lorm  to  Liic  .imouiit  oi  [.hosphorus  mi  the  P, 
am!  P,  form  and  is  given  bv  tlie  equation. 


6l 


P  +  2P^ 


y  is  the  fractii  i  of  the  phosphorus  In  end  is  gi'-en  by. 


‘Vii,  +  ^h.,,  + 

-i  4 


First,  the  output  pressures  from  the  source  rom, ,  'Jl,'- i.yu.- 'd  !v,-  the 


supers  rip*-,  1,  must  be  determined  for  the  sourc, 


one  rc.ic  u  i-tin 


HCl  +  Tn(  )  >  InCl  +  -  H, 


ihe  output  LnCi  pressure  is,  from  a  chlorine  balance. 


P  ,  =  P  -  P 
InCL  HCl”  HCl 


uherc  P  ^  is  tlie  input  HCl  pressure.  P  ^  can  be  found  from  the  equation 


P  (1  -  P 

,  .  HCl'"’  HC1° 

1  1/2 
HCl^  (1  -  P  )  '  +  K, 

Hc:l°  5 


P  =  1  - 

Hci° 


was  u^;ed  in  derivlup  eq.  (/). 

For  the  deposition  zone  first  a  value  of  F,,  is  assumed,  .uid  tlier 

■4 

used  to  determine  P^  after  the  equilibrium  cc. aslant  for  the  reaction 


p  -  p 

2  4  4 


has  been  tonnd.  can  in'  in  ,n  i  i  la 


■  a  '  M  1  ■  •  .  1  1  I  ! '.  c  .  ■  , 


>  =  p 

Fll 

'  "  •  Pii 


.  “  '  -'i' 

‘7  'a 


wile  re  P 


t  ..e  innnt  ail  a. ,  ,  :  ■  a 


of  piioapliornc.  consiiPiaa!  I'u-  ir 


the  cii  i  cr  i  nc  ha  1  a  :r 


‘  InCl 


a.'  talai  prcs-.art'  is  1  at.i.  'a-,  liiat 


j  I  _  i'  ..  .'  -1'  -  I’ 

H  ,  I-u'l  V  .  P,  ;>n,, 

‘4  t 


,  -  2P  .  +  p„  f  'ii' ,  -  p  -  i’,  +  r,, 

ihi  nci^  '2  4  ph':'  ‘ 


^  ‘’hc.  ' 


wiiere  P  Ls  the  partial  pressure  of  tlie  inert  pas.  Now,  P^^^,  i 


pui.ed  from 


j.x/2  .l-x)/A  ,,,1/2^.. 


!'H  ,  Pp  P, 


li„  '13 


in  I.  P. ,  is  the  epui  J  ibr  iiim  eonstan!  for  tlie  d  i  sac  •;  [  a  t  ;  i  ei  react! 


a,  -1  la  e  !•,,  a  I  H, 


P,  ,  can  In  c.ilcul.'ued  from 
Hi  I 


lie  I  L  +  K.c' 


.(1-yr:/?  l-v)  ( 1-x) . 
P  ‘  P 


,1  /.’( 1  -  ;v ) 


i’l!  ^  ■  11 


i.-;  liii'  I  ij iii  I  i  !i r  iur.t  iM'i  a  iiiL  f.'i‘  t  lio  iK  i  l  i-.x!  ri  n  t,  i.  i  ,,  x'id  ii  ix 

deMiujd  iii  e.j .  (!').  I’li.jLJv,  p.^  yni  cci  Tror;  <.'(].  is  compared 

v'itli  t-'ae  value  found  from  eq  .  (13).  I  I  Lhev  are  not  Lh,  ‘aim.e,  a  !u:w  value 

o*  P.,  is  ,i;;su:  od  .  Pile  pr.icess  is  re|>e.ited  un'  '■  flic  Lv'  P  valvies 

’’’“3 


ihe  iihe' rmodvuav.u  c  growLii  rate,  P,  i.s 
.,1  ~  ’’rnCl  r  ,  .,1 

.n(,l  __  _  no_.  3>r_  1  ni  1  atoms  erosH.nip  unit:  area  ner  unit,  time 

P  ‘  no.  of  In  atoms  per  unit  volume  in  T n? 

I  ML  I 


mere  tore,  R  '  P  1  "  ‘  ,  -i 

'  ,  ,1  1  I  lit- 1 

IniA 


I'sic.'  the  thermodynamic  data  colJ^-cteii  by  :  haw  t.ae  equi  1  ih  ri  nni  [la  r  t  i  a  1 

s  r'.'s,.i:r<„'s  oi  11(1!,  I’ll,,  lh  ,  !',,  P,  and  Itpll  w,’ re  cfunputed  an'!  are  plotted. 

.V  -  ..  ^ 

as  a  luinet  ion  id  the  inert  j'tas  partial  preisure  in  liip.ii.’  lu'r  these 

e.iieal  1 1  i on s  I  lie  sotirce  tcnaiorature  was,  1'^  ;  ;;e  depo.sition 


( e'.ipe  m  Lure  w.ts,  T,^  =  faaO'''l,  aiid  h('t!i  P  anP.  P  v.v.re  .Oi  aim. 

iKPi'’  ph';’ 

1',,  decreases  h"  abi'ut  a  f  tctoi  of  li'  cis  P,  increa.ees  frota  '.!  Lo  ,98  atm, 
lh.  1  i 


!h  i  s  lasluetion  is  due'  to  less  hvdrogen  bcMne,  avail.ihie  t.  ,■  lorm  Mill  during  tin. 

cenositioii  enact  ton.  Because  there  i.s  K-ss  Inl’  di. posited  Vv'i  ri'  inc  1  eas  i  ng 

i’ .  .  P,  ,,  increases.  1’,,,  dee  ri'a.s.is  two  ord..T,-i  of  magnitude  over  tlie 
I  In(  1  Pii 

i’^  siiie'e  th’.’re  is  Let-.-:  itvdrop.en  'ivailahk-,  and  as  a  rasult  Pj,  .iiui  i^ 
increase.  They  also  increase  iiecaasi.;  theic  is  less  Ini'  deijos  i  1  ed . 

i'hat  tliere  is  less  ileposition  wlnai  i’^  .nere.ane'  is  .siiown  in  figure 

where  the  ideal  growth  rate  is  iilotted  vs  i’ ^  .  '?  di'creases  cont  i  nnous  1  v  until 

at  P  =  .'>^9  atm  Cinme  is  no  (iepo,;  i  1  ion .  Pin’  efft'ets  'on  the  y.rowtii  rate 


of  deereasin.,  i’ 


hv  .me  third,  i  ner .  •,ts  i  nu 


f.6 

by  ,T  factor  of  Chreo,  or  increasing  (jr  tii-.c  reas  i  iig  by  'iO’C  are  alst>  siiown 

in  figure  15.  The  effects  are  largest  vhen  1’^  -  0.  and  all.  e!  tb.e  curves  tend 

to  converge  on  the  point  R  -  0  and  “  .97. 

Reducing  P  by  one  third,  reduces  the  initial  growth  rate  by  one 

HC1° 

third,  and  tripling  P  triples  the  initial  growth  rate_  R  P  in 

HCl"  ’  UC1° 

this  range  because  P  ■  P  and  R  ■  P  .  The  effect  of  thirding 

InCl'-  HCl'^  InCl 

or  tripling  P  is  smaller  as  it  only  changes  the  initial  growth  rate  bv 

PH^  o 

30^.  Adding  to  or  reducing  tlie  PH^  coneent ration  has  a  smaller  effect 
because  the  free  energy  ciiange  for  tlie  deposition  reaction  is  mucli  n.ore 
sensitive  to  the  HCl  cun  cent  rat  ii'n .  Lowering  tiie  deposition  temperature  by 
■jO^C  doubles  the  initial  growth  rate  and  raising  it  'oy  50“  b.alves  the  growth 
rate.  These  eii.ects  reflect  tlie  temperal  are  dependence  for  the  deposition 
reaction . 

How  changing  HC1°,  Pli°,  and  T^^  affects  the  equilibrium  HCl  and  PH,^ 
concentrations  lor  different  values  of  P^  is  illustrated  in  table,  b. 

That  decreasing  the  hydrogen  partial  pressure  decreases  the  growth 
rate  has  been  verified  experimentally  for  the  chloride  growth  of  Da^Xs,  InAs, 
u,ii’,  .iud  Ini’  [45].  Hie  investigators  also  found  that  tliere  wore  kinetic,  as 
well  as  thermodynamic,  effects  such  as  the  growth  rate  being  reduced  more 
by  a  heavier  inert  gas. 


a  t  ni 
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